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============

Organic-inorganic hybrid perovskites having the general formula ABX~3~^[@CR1]^, where A is a relatively large inorganic or organic cation (*e*.*g*., Cs^+^ or CH~3~NH~3~^+^), B is a metal cation (*e*.*g*., Pb^2+^) and X is a halogen anion (*e*.*g*., I^−^, Br^−^ or Cl^−^)^[@CR2]^, is an emerging class of materials which have attracted significant attention in recent years because of their extraordinary optoelectronic characteristics such as tunable electronic bandgap, high optical absorption with broad spectrum, good photoconductivity, low carrier effective masses with high mobility, extended charge diffusion lengths with high lifetimes^[@CR3]--[@CR9]^. The materials have become more popular in the field of photovoltaic research because of its fastest growing Power Conversion Efficiency (PCE) as the PCE of the materials have been increased from 3.8%^[@CR1]^ in 2009 to 22.7%^[@CR10]^ in 2017. Their merits also enable the materials to be potentially useful in a variety types of optical and electronic devices beyond solar cells^[@CR6]--[@CR9]^. However, the materials still faces a huge challenge in large scale commercialization because of the structural instability against moisture/air and temperature as well as the toxicity of lead (Pb)^[@CR11],[@CR12]^. Therefore, there is a great demand to find stable and nontoxic perovskites for the further development of perovskites solar cells. The insatiability issue of the halide perovskites can be treated by carbon encapsulation, multi-cation substitution as well as incorporation of hydrophobic moieties^[@CR13]^, however the only way to address the toxicity of perovskite materials is the substitution of Pb by non-toxic elements^[@CR11]^.

The most possible replacement of Pb are the elements which are in the same group in the periodic table *i*.*e*., those similar elements of group-IVA such as tin (Sn) and germanium (Ge). However, it has been reported that the Sn-based Pb-free perovskites are much less stable than Pb-containing ones because of the 2+ oxidation state of Sn, leading to a rapid degradation of the perovskite in air^[@CR14]^. Also, the replacement of Pb by Ge results in a reduction of light absorption, dielectric constant and optical conductivity, leading to a decrease of the photovoltaic performance^[@CR9]^. Similarly, lead-free perovskite materials containing other divalent elements except group-IVA have also been reported to have poor optoelectronic properties like high band gap, low absorption and large carrier effective masses, and consequently poor photovoltaic performance^[@CR11]^. Clearly, the process of development of successful substitution of Pb for photovoltaic and optoelectronic applications is not trivial.

On the other hand, a complex substitution of Pb has been addressed by a combination of a trivalent and monovalent cations to form a new structure known as double perovskites which can be represented by the general formula, A~2~B′B″X~6~, where A is a relatively large cation (typically Cs^+^), B′ and B″ are either trivalent or monovalent cations, and X is either oxygen or halogen^[@CR2]^. Recently, halide double perovskites have become more popular in the community of photovoltaic research because of its potential to overcome the instability and toxicity issues of Pb-based hybrid perovskites^[@CR2]^. It is expected that studying of high number of possible combination of B′ and B″ in A~2~B′B″X~6~ can provide the opportunities to find effective alternatives of Pb-based halide perovskites^[@CR11]^. The synthesis and characterization of a number of halide inorganic double perovskites (*e*.*g*., Cs~2~BiAgI~6~, Cs~2~BiAgBr~6~, Cs~2~BiAgCl~6~, Cs~2~InAgCl~6~)^[@CR15]--[@CR19]^ as well as halide hybrid double perovskites (*e*.*g*., MA~2~BiAgBr~6~, MA~2~BiKCl~6~, MA~2~BiTlBr~6~, MA~2~KGdCl~6~, MA~2~KYCl~6~)^[@CR20]--[@CR23]^ have been reported previously. However, most of the synthesized compounds have either large band gap values or poor optical properties, therefore the materials are not suitable for photovoltaic applications^[@CR24],[@CR25]^. Recently, Volonakis *et*. *al*.^[@CR16]^ have reported the optoelectronic properties of a group of halide double perovskites by heterovalent substitution of noble metals. Among the considered compounds, the double perovskite Cs~2~BiCuI~6~ has quite similar electronic properties like the most popular hybrid perovskite MAPbI~3~^[@CR9],[@CR16]^. In addition to this, better optoelectronic properties have been observed for methylammonium (MA) or formamidinium (FA) containing organic-inorganic hybrid perovskite than Cs containing inorganic perovskites^[@CR8],[@CR9]^. Herein, we introduce a new group of materials called organic-inorganic hybrid double perovskites by replacing Cs with a combination of Cs, MA and FA in inorganic Cs~2~BiCuX~6~ (X = I, Br, Cl). We calculate the structural, electronic and optical properties of 18 organic-inorganic double perovskites ABiCuX~6~ \[A = Cs~2~, (MA)~2~, (FA)~2~, CsMA, CsFA, MAFA; X = I, Br, Cl\] by first-principles density functional theory (DFT) simulations to find effective replacements of Pb-based perovskites for photovoltaic and optoelectronic applications.

Results and Discussion {#Sec2}
======================

Structural properties {#Sec3}
---------------------
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                \begin{document}$${Fm}\bar{3}m$$\end{document}$ (no. 225) and can be represented by a general formula A~2~B′B″X~6~, where A atoms occupy the 8*c* Wyckoff position, B′ atoms occupy the 4*a* Wyckoff position, B″ atoms occupy the 4*b* Wyckoff position and X atoms occupy the 24*e* Wyckoff position with the fractional coordinates of (0.25, 0.25, 0.25), (0, 0, 0), (0.5, 0.5, 0.5) and (*x*, 0, 0), respectively^[@CR15]^. Initially, the structures of Cs-based inorganic double perovskites have been drawn, then the structures are converted into 1 × 1 × 1 supercell to get the structures of organic-inorganic hybrid double perovskites. The Cs-based inorganic double perovskites have 40 atoms in their unit cell with four formula unit as shown in Fig. [1](#Fig1){ref-type="fig"}. After creating supercell, the required Cs atoms have been successfully replaced by organic MA or FA to obtain the structures of the desired organic-inorganic hybrid double perovskites (see Supplementary Fig. [1](#MOESM1){ref-type="media"}). The geometry optimization have been successfully performed for each model structure of the considered compounds using DFT simulations, as described in the Computational Methods Section. Also, the selected compounds are expected to be stable under considerations (see Supplementary document).Figure 1Unit cell of double perovskites Cs2BiCuI6 as an example of the crystal structure of the considered double perovskites ABiCuX6 \[A = Cs2, (MA)2, (FA)2, CsMA, CsFA, MAFA; X = I, Br, Cl\].

Electronic properties {#Sec4}
---------------------

We investigate the electronic properties of the considered hypothetical organic-inorganic halide double perovskites using first-principles density functional theory (DFT)^[@CR26],[@CR27]^ with the GGA-PBE approach^[@CR28]^, executed in the CASTEP^[@CR29]^ code of Materials Studio 2017, as explained in the Computational Methods Section. We further investigate the band structure of the considered compounds using hybrid HSE06^[@CR30]^ functional as the usual GGA-PBE approach sometimes underestimate the band gap (see Supplementary Table [1](#MOESM1){ref-type="media"}). The bar chart of Fig. [2a](#Fig2){ref-type="fig"} shows the variation of the investigated band gap of the selected 18 double perovskites ABiCuX~6~ \[A = Cs~2~, (MA)~2~, (FA)~2~, CsMA, CsFA, MAFA; X = I, Br, Cl\]. Our results suggest that the replacement of Cs atoms by organic MA or FA has no significant effect on the band gap of the considered compounds. On the other hand, the variation of the band gap significantly depends on the substitution of halogen atoms. The band gap is observed to increase upon the substitution of I with Br and/or Cl atoms. This characteristic is also common in other group of materials like inorganic and organic-inorganic hybrid perovskites^[@CR8],[@CR9]^. Therefore, the band gap of the considered compounds can be tuned by changing the halogen contents. This broad tunable band gap characteristic which covers the whole region of visible light spectra implies that the double perovskite compounds would be useful in areas such as light emitting diodes (LEDs). More specifically, the band gap varies more dramatically for the materials (FA)~2~BiCuX~6~ (X = I, Br, Cl) compared to other considered materials, suggesting that the double perovskites (FA)~2~BiCuX~6~ is the most suitable one to obtain the desired optimum band gap value for specific applications (*e*.*g*., solar cells, LEDs, laser) through bandgap engineering.Figure 2Comparison of the electronic band gap and dielectric constant of the selected group of double perovskites ABiCuX~6~ \[A = Cs~2~, (MA)~2~, (FA)~2~, CsMA, CsFA, MAFA; X = I, Br, Cl\]. (**a**) Electronic band gap of the materials determined by using GGA-PBE approach. (**b**) Calculated dielectric constant or static dielectric function for the considered double perovskites.

One of the major limitations of hybrid perovskites in solar cell application is that the materials have low dielectric constant because a low dielectric constant increases the rate of charge carrier recombination that in turn affect the overall device performance^[@CR31]^. On the other hand, the materials with large dielectric constant can hold large quantities of charge for longer periods of time which enhance the photovoltaic performance. Therefore, it is important to find semiconductors with high dielectric constant. Our study suggests that few of our considered compounds (Cs~2~BiCuI~6~ and CsFABiCuI~6~) have higher dielectric constant than that of MAPbI~3~^[@CR9]^. Among the considered compounds in this work, the highest dielectric constant of 6.36 is observed for Cs~2~BiCuI~6~. Moreover, the dielectric constant of (FA)~2~BiCuI~6~ is found to be 5.27 which is quite similar with the dielectric constant of MAPbI~3~ (5.23)^[@CR9]^. Therefore, it is expected that the other optical properties of the double perovskite (FA)~2~BiCuI~6~ should be similar to the hybrid perovskite MAPbI~3~. On the other hand, as shown in Fig. [2b](#Fig2){ref-type="fig"}, the variation of the dielectric constant is almost inverse to the variation of the band gap for the 18 double perovskites considered. The dielectric constant decreases because of the substitution of I with other halogen atoms such as Br and Cl. However, the substitution of Cs by organic MA or FA has no effect on dielectric constant.

Electronic band structure of a material reveal its type of band gap whereas the density of states (DOS) explore the contribution of atomic orbitals towards electronic states at VBM (valence band maximum) and CBM (conduction band minimum). We calculate the electronic band structure as well as the total and partial DOS of the 18 double perovskite compounds and the results are presented in the Supplementary Information (see Supplementary Figs [2](#MOESM1){ref-type="media"}, [3](#MOESM1){ref-type="media"}, [4](#MOESM1){ref-type="media"} and [5](#MOESM1){ref-type="media"}). As our considered organic-inorganic double perovskite (FA)~2~BiCuI~6~ have similar dielectric constant to the most popular hybrid perovskite MAPbI~3~, therefore we further investigate its electronic properties (shown in Fig. [3](#Fig3){ref-type="fig"}) in details. The calculated results of the band structure (Fig. [3a](#Fig3){ref-type="fig"}) implies that the double perovskite (FA)~2~BiCuI~6~ is an indirect band gap semiconductor with the minimum band gap value of 1.55 eV for GGA-PBE and 2.56 eV for HSE06 (see Supplementary Table [1](#MOESM1){ref-type="media"}). In addition to this, it can be observed from Fig. [3a](#Fig3){ref-type="fig"} that the band structures derived for GGA-PBE and hybrid HSE06 have similar pattern, only the conduction band is seen to shift towards high energy for hybrid functional. On the other hand, the results of the total and partial DOS (Fig. [3b](#Fig3){ref-type="fig"}) indicate that the total DOS towards VBM is mainly contributed by Cu-3*d* states and I-5*p* states. However, significant contribution to the total DOS towards CBM mainly comes from Bi-6*p* and I-5*p* states. The halogen atoms are seen to contribute to the total DOS at both the VBM and CBM. This explains the observed phenomenon for the dramatic change of electronic band gap upon the change of halogen. The trend of the total and partial DOS is quite similar for the considered compounds (see Supplementary Figs [4](#MOESM1){ref-type="media"} and [5](#MOESM1){ref-type="media"}) except FA containing compounds. An additional contribution to the total DOS at conduction band comes from C-2*p* and N-2*p* states for FA containing compounds. Also, the overlapping in partial DOS for C-2*p* and N-2*p* states suggesting that there is a hybridization between C-2*p* and N-2*p* orbitals.Figure 3Calculated electronic properties of the considered double perovskite (FA)~2~BiCuI~6~. (**a**) Electronic band structure along the high symmetry direction of the Brillouin zone having path Γ(0,0,0)−F(0,0.5,0)−Q(0,0.5,0.5)−Z(0,0,0.5)− Γ(0,0,0). The bands calculated by GGA-PBE are indicated by blue color whereas the bands calculated by HSE06 are indicated by pink color. The valence band maximum (VBM) is seen at F point whereas the conduction band minimum (CBM) is observed at Z point of the Brillouin zone indicating that it is an indirect band gap semiconductor. (**b**) Calculated total and partial densities of states. The Cu-3*d* states (green color curve) and the I-5*p* (blue color curve) states are seen as the main contributors towards VBM whereas the Bi-6*p* (pink color curve) and I-5*p* (blue color curve) states are mostly contributed towards CBM.

Optical properties {#Sec5}
------------------

We investigate the optical properties including dielectric function, optical absorption and conductivity, reflectivity, refractive index as well as the extinction coefficient for the considered double perovskites for the photon energy from 0 to 5 eV and the details of the calculations are presented in Supplementary Information. The calculated real part of the dielectric function for the considered compounds is shown in Fig. [4a](#Fig4){ref-type="fig"}. The results suggest that the materials Cs~2~BiCuI~6~ and (CsFA)BiCuI~6~ have higher dielectric constant at low energy region (from 0 to 2 eV). However, the double perovskite (FA)~2~BiCuI~6~ has maximum dielectric function at high energy region (from 2 to 4 eV) following a broad spectra compared to other compounds. Also, the material (FA)~2~BiCuI~6~ shows the highest value of imaginary dielectric function (Supplementary Fig. [6](#MOESM1){ref-type="media"}) compared to other compounds for solar radiation. Therefore, the high value of dielectric function of (FA)~2~BiCuI~6~ for solar radiation implies that it is a promising candidate for photovoltaic applications.Figure 4Comparison of the optical properties of double perovskites ABiCuX~6~ \[A = Cs~2~, (MA)~2~, (FA)~2~, CsMA, CsFA, MAFA; X = I, Br, Cl\] along the incident electromagnetic radiation of energy from 0 to 5 eV. (**a**) Calculated dielectric function (real part). (**b**) Calculated absorption coefficient. (**c**) Calculated optical conductivity.

The absorption coefficient gives important knowledge on the light harvesting ability of a material, which affects the efficiency of solar energy conversion of corresponding solar cells as a consequence. Figure [4b](#Fig4){ref-type="fig"} presents the calculated absorption coefficient of the considered double perovskites. The materials show high absorption coefficient with a maximum absorption obtained with (FA)~2~BiCuI~6~. Therefore the Pb-free organic-inorganic hybrid double perovskite (FA)~2~BiCuI~6~ would be a potential alternative of Pb-based hybrid perovskites in solar cell application.

Furthermore, we investigate the optical conductivity of the materials. As shown in Fig. [4c](#Fig4){ref-type="fig"}, the variation of the optical conductivity of the double perovskites is similar for all compounds except (FA)~2~BiCuI~6~. The intense peak in the conductivity spectra of (FA)~2~BiCuI~6~ suggests it has the highest optical conductivity compared to others. The high value of optical conductivity also proves the superiority of (FA)~2~BiCuI~6~ for photovoltaic applications. For completeness, we also calculate the reflectivity, refractive index as well as the extinction coefficient for the considered materials (see Supplementary Figs [6](#MOESM1){ref-type="media"} and [7](#MOESM1){ref-type="media"}). The low reflectivity (Supplementary Fig. [6b](#MOESM1){ref-type="media"}) and high extinction coefficient (Supplementary Fig. [7b](#MOESM1){ref-type="media"}) of (FA)~2~BiCuI~6~ are also evident that this double perovskite is the best candidate as a potential alternative of Pb-based halide hybrid perovskites for photovoltaic and optoelectronic applications such as solar cells and LEDs. In this study, we observe that the incorporation of organic component (especially FA) can enhance the photovoltaic and optoelectronic properties which may be because of the high conduction band DOS of FA containing compounds than its Cs containing counterparts.

Conclusion {#Sec6}
==========

In summary, considering the properties of a potential 18 organic-inorganic lead-free double perovskites by changing Cs with different combinations of Cs, MA and FA in Cs~2~BiCuX~6~ (X = I, Br, Cl) based on first-principles DFT calculation, we have identified the organic-inorganic halide double perovskites (FA)~2~BiCuI~6~ is the most promising candidate which possess the desirable properties for photovoltaic and optoelectronic applications. The calculated band gap values suggest that the variation of band gap upon the replacement of halogen atoms is higher in (FA)~2~BiCuX~6~ (X = I, Br, Cl), which covers across the whole region of visible light spectra compared to that of other considered phases. This makes them ideal for colour light-emitting diodes. More specifically, the compound (FA)~2~BiCuI~6~ shows superior optoelectronic properties to the other compounds. It has high absorption coefficient, promising dielectric properties and high optical conductivity. Finally, the hybrid double perovskite (FA)~2~BiCuI~6~ has shown a promising results and would be a potential candidate to develop next generation Pb-free non-toxic materials for photovoltaics and optoelectronics.

Computational Methods {#Sec7}
---------------------

The first-principles density functional theory (DFT)^[@CR26],[@CR27]^ calculations have been performed by the plane wave pseudopotential method using the Cambridge Serial Total Energy Package (CASTEP)^[@CR29]^ module of Materials Studio 2017. The geometry of the crystal was optimized using the Broyden--Fletcher--Goldfarb--Shanno (BFGS)^[@CR32]^ minimization technique to find the ground state energy. The density mixing scheme^[@CR33]^ was used to optimize the electronic structure. The generalized gradient approximation of Perdew-Berke-Ernzerhof (GGA-PBE)^[@CR28]^ was used to evaluate the electronic exchange and correlation energy. The electronic exchange and correlation energy also treated by hybrid Heyd-Scuseria-Ernzerhof (HSE06)^[@CR30]^ functional for the calculations of the band structure. The electron ion interaction was treated by Vanderbilt type ultrasoft pseudopotential^[@CR34]^ for all calculations except for HSE06 functional in which norm conserving^[@CR35]^ pseudopotential was used.

A plane-wave basis set of cutoff energy of 500 eV and the Monkhorst-Pack scheme^[@CR36]^ *k*-points of 6 × 6 × 6 were used for all calculations associated with GGA-PBE as well as a cutoff energy of 800 eV and *k*-points of 2 × 2 × 2 were used for the rest calculations associated with HSE06. An acceptable convergence was affirmed by monitoring the cutoff energy and sampling of the Brillouin zone. The geometry of the crystals were successfully optimized with the convergence thresholds of 1 × 10^−5^ eV/atom for the total energy, 0.03 eV/Å for the maximum force, 0.05 GPa for the maximum stress and 1 × 10^−3^ Å for the maximum displacements.
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